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Fig. 1.1 Skin deformation with coupling eect
2 ? 1? ??
u
f
k = f / u
Fig. 1.2 Linear spring obeying to Hooke’s law
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????????? 1, 2 ????????????????????????Fig. 1.4
???????????????????? 2 ??????????????????
????????????????????????????????????????





















Loading phase Unloading phase









cloading =  cunloading
(a) Loading / Deformation phase (b) Unloading / Recovering phase













4 ? 1? ??
Actuator
Artificial skin






















































????????????????????????? t ??????? (x; y; z)???
????? f (x; y; z; t) , [ fx(x; y; z; t); fy(x; y; z; t); fz(x; y; z; t)]t 2 <31 ??? u(x; y; z; t) ,
[ux(x; y; z; t); uy(x; y; z; t); uz(x; y; z; t)]t 2 <31 ?????????Fig. 1.8 ???????
f (0; 0; 0; t)?????????u(2; 1; 0; t)?????? (2; 1; 0)???????????




u(2, 1, 0, t)
f(0, 0, 0, t)
(2, 1, 0)
Fig. 1.8 The definition of f (x; y; z; t) and u(x; y; z; t) at t
Measurement area:
f f
(a) Internal deformation 
u(x, y, z, t)
(b) Surface defomation 
u(x, y, 0, t)
(c) Point deformation 
u(0, 0, 0, t)
Line laser












Fig. 1.9 Three approaches of stiness measurement of soft tissue and their examples
?????????????????????? Fig. 1.9(a), (b), (c)?????????
?? u(x; y; z; t)???????????? u(x; y; 0; t)????????????????
??? u(0; 0; 0; t)???????? 3????????









(a) Contact approach (b) Non-contact approach





































































0 : ????????????????????????? xyz?????
t : ????????????
f (x; y; z; t) : ?? t ???? (x; y; z)??????? x, y, z?????????????
???? f (x; y; z; t) , [ fx(x; y; z; t); fy(x; y; z; t); fz(x; y; z; t)]t 2 <31
u(x; y; z; t) : ?? t???? (x; y; z)??? x, y, z??????????????????




C(u; c) : ?????????C(u; c) 2 <3N3N
K(u; k) : ?????????K(u; c) 2 <3N3N
N : ???????????
f : ?????????????????????????? f , [ f t1; f t2; : : : ; f tN]t 2
<3N1
u : ????????????????????????????u , [ut1; ut2; : : : ; utN]t 2
<3N1
fi : ?????? i???? x, y, z????????? fi , [ fix; fiy; fiz]t 2 <31
ui : ?????? i???? x, y, z??????????ui , [uix; uiy; uiz]t 2 <31
k : ???????????????????????????????k 2 <Ne1
c : ?????????????????????????????????c 2 <Ne1
10 ? 1? ??





Ci j(u; c) : ?? i, j???????????Ci j(u; c) 2 <66
Ki j(u; k) : ?? i, j???????????Ki j(u; c) 2 <66
fi j : ?????? i, j???? x, y, z????????? fi j , [ f ti ; f tj]t 2 <61
ui j : ?????? i, j???? x, y, z??????????ui j , [uti;utj]t 2 <61
ci j : ?? i, j???????
ki j : ?? i, j??????
Ti j : ?? i, j??????????????????????Ti j 2 <66
l;m; n : x, y, z?????????
Pi : ?? 0 ???????? i????????Pi 2 <31
C11i j , C12i j , C21i j , C22i j : ?? i, j??????????? 4???????????????
C11i j 2 <33, C12i j 2 <33, C21i j 2 <33, C22i j 2 <33
K11i j , K
12
i j , K
21
i j , K
22
i j : ?? i, j??????????? 4???????????????













umid : ??????????? z?????
S i : ?? i??????????
P(u; u˙) : ????????????P(u; u˙) 2 <3N2
Q(u) : ????????????Q(u) 2 <3N2
m : ???????
1.6 ????? 11
 : ???????????????????? 2 <3Nm2
 : ???????????????????? 2 <3Nm2
F : ????????????????F 2 <3Nm1
A : ??????A , (; ) 2 <41





G : ??????? x, y, z????????????????G 2 <3N1
fc : ???????????? M ?????????????????? z????
?????????????? fc , [ f (1)c ; f (2)c ; : : : ; f (M)c ]t 2 <M1
uc : M?????????????????? z??????uc , [u(1)c ; u(2)c ; : : : ; u(M)c ]t 2
<M1




 : kh, kv, us ??????????????? , [kt;uts]t 2 <fM(3N 1)+2g1
 : ???????????????????
fbz : ??????????????? z????
k0h : kv = 0?????????????????
k0v : kh = 0?????????????????
W : ??????????????????
S k : ???????????????????
h : ????????????????? ?????????
























???????Vision Research Inc. ??Phantom??????????????????
???????????????????? 256512??????????? 2000[fps]















Point laser ray 
of displacement 
sensor
Fig. 2.1 Schematic diagram of experimental system
Valve SolenoidAir flow
1[cm]
Fig. 2.2 High-speed solenoid valve (Satake Co. Ltd.)











Fig. 2.3 High-speed camera (Vision Research Inc.)
Fig. 2.4 An overview of experiment
2.2.2 ????
Fig. 2.4???????????????????????????????????
????????????????????? 20?? 9?, 70?? 12????,???
???????????? 5[cm]????,????????????????????
????. ??????????,????,????????? 0.18[N], 0.2[s], 0.5[s]?
???????????????????????????????????????
????Fig. 2.5????????????????????????????????
PA-400-501G??????????????????????????? x = 0  3[mm]
????? 0.1[mm]???x = 3  5[mm]????? 1[mm]????????????










Fig. 2.5 Pressure measurement















Fig. 2.6 Pressure distribution
????????????? Fig. 2.6???????????????????????
???????????????????????? r = 0?????????????
???????????????????????????? r = 5[mm]???? 0?
?????????? r = 5[mm]???????????????Fig. 2.7??????





????? 20??? 70????????????Fig. 2.9(a), (b)??????????
2.3 ?????? 17

































18 ? 2? ???????????
(a-1) 0[ms] (b-1) 200[ms]
(a-2) 1[ms] (b-2) 201[ms]
(a-3) 2[ms] (b-3) 202[ms]
(a-4) 3[ms] (b-4) 203[ms]
(a-5) 4[ms] (b-5) 204[ms]
(a-6) 5[ms] (b-6) 205[ms]
(a) Loading / Deformation phase (b) Unloading / Recovering phase
Fig. 2.8 An example of a series of high-speed camera images
2.4 ??????? 19


















(a-1) 0[ms] (b-1) 200[ms]


















(a-2) 1[ms] (b-2) 201[ms]


















(a-3) 2[ms] (b-3) 202[ms]


















(a-4) 3[ms] (b-4) 203[ms]


















(a-5) 4[ms] (b-5) 204[ms]


















(a-6) 5[ms] (b-6) 205[ms]
(a) Loading / Deformation phase (b) Unloading / Recovering phase
Fig. 2.9 2D deformation
20 ? 2? ???????????
Table 2.1 Coecient of determination for tissue lateraity
Mean  SD Max Min































????ui ??? u¯????? i?????????????????????????
?????????? le f t?right ??????????????????????????
??????????????????? R2 ??? 1???????????????
???????????? R2 ????????21?????????????? R2 ?
??????????????????? Table 2.1????Table 2.1????????























































C(u; c)u˙ + K(u; k)u = f (3.1)
????C(u; c) 2 <3N3N ??? K(u; c) 2 <3N3N ?????????????????
????????????u , [ut1;ut2; : : : ; utN]t 2 <3N1?u˙ , [u˙t1; u˙t2; : : : ; u˙tN]t 2 <3N1?
f , [ f t1; f t2; : : : ; f tN]t 2 <3N1 ???????????????????????????
?????ui , [uix; uiy; uiz]t 2 <31?u˙i , [u˙ix; u˙iy; u˙iz]t 2 <31? fi , [ fix; fiy; fiz]t 2 <31
?? i?????? x, y, z??????????????????????????N ?














: Sphere joint without friction : External force
(a) A general model
(kv, cv)
(kh, ch)








(b) The proposed model
Fig. 3.2 Tissue model with springs and dampers
??????????????????K(u; c)??? C(u; c)??????????? 
????????????????????????????????????????
???????????????????????Fig. 3.3???????? i, j???
????? ????????????????????
Ci j(ui j; c)u˙i j + Ki j(ui j; k)ui j = fi j (3.2)
????ui j , [uti;utj]t 2 <61 ??? fi j , [ f ti ; f tj]t 2 <61 ??????? i, j?????
????????????????? Ci j(ui j; c)??????????? Ki j(ui j; k)??
???????????
Ci j(ui j; c) , ci jTi j 2 <66 (3.3)












Fig. 3.3 The relationship between deformation and posture of element i j




l2 lm ln  l2  lm  ln
lm m2 mn  lm  m2  mn
ln mn n2  ln  mn  n2
 l2  lm  ln l2 lm ln
 lm  m2  mn lm m2 mn
 ln  mn  n2 ln mn n2
1CCCCCCCCCCCCCCCCCCCCCCCA
2 <66
????ci j ??? ki j ??? i, j???????????????????l, m, n???
?? x, y, z??????????????????????
(l;m; n) , (P j + u j)   (Pi + ui)k(P j + u j)   (Pi + ui)k (3.5)
???Pi ? Fig. 3.3???????? 0 ???????? i????????????
(3.5)?????????????????????????????????????














Fig. 3.4 An example of model
Ci j =
 C11i j C12i j
























K11i j = K
22






K12i j = K
21

















































































































Fig. 3.5 N-free-node model
????????????????????????????????????0BBBBBBBBBBBBBBBBB@
C1112 + C1113 C1212 C1213 0 0
C2112 C2212 0 0 0
C2113 0 C2213 + C1134 + C1135 C1234 C1235
0 0 C2134 C2234 0


















12 0 0 0





0 0 K2134 K2234 0


























????????????? N ???????????????????Fig. 3.5???
?????????????????????????????????? k?????






























(c) u2 = 0
1 2





(d) u2 = a1
Fig. 3.6 Four cases of u2
??? f ??? 1?????????? 1??? a1 ??????????????? 1
????? z????????????????????
  ka1   k (a1   u2)
2
L2 + (a1   u2)2
+ f = 0 (3.11)





Fig. 3.7 Relationship between g(u2) and u2
????u2 ??? L??????? 2????????????????? (3.11)??
?????? 3 ?????????? 1 ?????????????????????
1, 2 ?????????????? z ??????????????????????
????? f ???? 1????????????????????? 1, 2?????
??????????????????????? (3.11)???? u2 ????????
g (u2)????
g (u2) ,  ka1   k (a1   u2)
3








3L2 + (a1   u2)2
o
n
L2 + (a1   u2)2
o2 (3.13)
???k > 0???? @g(u2)
@u2
 0?????? (3.12)? u2 ??????????????
???????g (u2) = 0????? u2 ?  1 < u2 < 1??????????????
??u2 ???????????????Fig. 3.6(a)?????? u2 < 0????????
?? 1, 2?????????? 2?????????????????????????
?? 1, 2????????????????????????????????????
????? 1, 2??????????????????????Fig. 3.6(b)??????
u2 > a1 ?????????? 1, 2?????????? 2?????????????
????????????u2 < 0????????? 1, 2??????????????
?????????????????????????? 1, 2????????????
??????Fig. 3.6(c), (d)???????????????u2 = 0????Fig. 3.6(c)


















Fig. 3.8 Force balance of the i-th node
???????? 2??????????????? 2???????????????
1??????????????????u2 = a1 ????Fig. 3.6(c)????????
1, 2???????????????????? 2???????????????? 2
????????????????? 2, 3 ??????? 0 ????????????
??????? u2 = 0??? u2 = a1 ??????????????Fig. 3.7?????
? 0 < k < 1????? u2 ???????? 0 < u2 < a1 ?????????????
?????
????? 3???? N ????????????????????? i, (i  2)??
??? z???????????????Fig. 3.8?????????????
k (ui 1   ui)
3
L2 + (ui 1   ui)2
  kui   k (ui   ui+1)
3
L2 + (ui   ui+1)2
= 0 (3.14)
????? (3.14)????????? 3??????????? (i  1), i???????
??????? z??????? i??????????????????? i, (i + 1)?
????????????? z??????????????????????? (i   1)
???????? k (ui 1 ui)
3




????ui 1 = ai 1, ui = ai ???????????????? ui+1 ????????
????????? (3.14)????? ui+1 ???????????
k (ai 1   ai)
3
L2 + (ai 1   ai)2
  kai   k (ai   ui+1)
3
L2 + (ai   ui+1)2
= 0 (3.15)
????? (3.15)???? ui+1 ???????? g(ui+1)????
g(ui+1) , k (ai 1   ai)
3
L2 + (ai 1   ai)2
  kai   k (ai   ui+1)
3
L2 + (ai   ui+1)2
(3.16)
???
















































(d) ui+1 = ai
Fig. 3.9 Force relationships of the i-th node






3L2 + (ai   ui+1)2
o
n
L2 + (ai   ui+1)2
o2 (3.17)
???k > 0???? @g(ui+1)
@ui+1
 0?????? (3.16)? ui+1 ?????????????
???????????g (ui+1) = 0????? ui+1 ?  1 < ui+1 < 1????????
????????ui+1 ???????????????Fig. 3.9(a)?????? ui+1 < 0
?????????? i, (i + 1)?????????? (i + 1)????????????
??????????????? i, (i + 1)?????????????????????
???????????????????? i, (i + 1)????????????????
??????Fig. 3.9(b)?????? ui+1 > ai ?????????? i, (i+ 1)?????
????? (i + 1)?????????????????????????ui+1 < 0???
?????? i, (i + 1)??????????????????????????????
?????????? 1, 2???????????????????Fig. 3.9(c), (d)??
?????????????ui+1 = 0????Fig. 3.9(c)???????? i, (i + 1)??
???????? (i+ 1)? z???? k a3iL2+a2i ????????????????? (i+ 1)
??????????????? (i + 1)??????????????? 1?????
?????????????ui+1 = ai ????Fig. 3.9(c)???????? i, (i + 1)??
?????????????????? (i + 1)???????????????? (i + 1)
????????????????? (i + 1), (i + 2)??????? 0????????
??????????? ui+1 = 0??? ui+1 = ai ?????????????0 < k < 1
????? ui+1 ???????? 0 < ui+1 < ai ??????????????????
??????? i ?????? ai ????, i = 2 ???? a1 ?????????
0 < a2 < a1 ?????? a2 ???????i  2???? i???? ai 1 ??? ai ??
??????? 0 < ai+1 < ai ?????? ai+1 ??????????????????
?????? a1 ???????????? i???? 0 < ai+1 < ai ?????? ai+1 ?
?????????????Fig. 1.3???????????????????????
????????????????????????????????????????
??????????????????????? kh ???????? kv ??????
????????????????????????Fig. 1.3????????????
???????????
3.5.2 kh, kv ??????? fc–uc ???? 1????????
kh(0  kh  1) ??? kv(0  kv  1) ? 2 ???????????????????
?????? fc–uc ???????????????????????? fc–uc ???? 1






(a) uc ' 0 (b) uc is large








Fig. 3.11 Relationship between applied force and deformation
?? ( fc > 0, uc > 0)?????????????–?????????????????
???
(a)??????? (uc ' 0)
Fig. 3.10(a) ???? kh ? 2 ??kv ? 1 ????????????????????
???????????????????????????????????????
????Fig. 3.11(a) ???? kv ????????????????????????
fc ' kvuc ?????????????? kv ? 0  kv  1??????uc ??????
?? 0  fc  1????????????? 0  uc  umax ???? fc ? 0  f  1?
??????























t = 0 t = 1






















t = 0 t = 1
(b) The unloading phase (phase of shutting down force)
Fig. 3.12 Direction-dependent response, during the loading and the unloading phases
(b)????????
Fig. 3.10(b)?????????kv ???? kh ??????????????????
????????????
fc = kvuc + gh(kh; uc) (3.18)
??????????????gh ????????????????????????
??gh ? Fig. 3.11???????? uc ??????????????kh = 0??? 0?
kh ! 1? gh(kh; uc) ! 1, (uc , 0)????????????? kv, kh ????????
??????umin  uc  umax ????? fmin  f  1????????????????





cc(uc; c)u˙c + kc(uc; k)uc = fc (3.19)
34 ? 3? ????????????
??? cc(uc; c)??? kc(uc; k)???????????????????????????















???t = 1??????????? (3.19)???????
kc(uc(1); k)uc(1) = fc (3.23)
???????????????? (3.19)????????
cc(uc(1); c)u˙0c(0) + kc(uc(1); k)uc(1) = 0 (3.24)
??? u˙0c(0)???????????????????? (3.23), (3.24)????????
u˙0c(0) =  
fc
(1 + B)c (3.25)
??? B = 2u2c=(L2 + u2c)????0 < B < 2???. ? (3.22), (3.25)???
u˙c(0) > u˙0c(0) (3.26)
? (3.26) ???????????????????????????????????
????????????????????????????????????????







???????????????????? ??? (kh; ch)???????? ???
(kv; cv)? 4?????????????????? ?????????????? ?
?????????????????????
3.6 ??????? 35












(kh, kv) = (1982, 0) [N/m]
(kh, kv) = (160, 20) [N/m]
(kh, kv) = (0, 42.5) [N/m]
Fig. 3.13 Deformation profiles for various parameter sets
3.6 ???????
???????????????????????????????????????
? (kh; ch; kv; cv)????????????????????? f ?????????? u
?????????????????? (3.1)? f ????u????????????
????????????????????????????????????????





??? 2 ???????????Fig. 3.13 ? kv; kh ????????????????
???????????????????????????????????????
N = 7, (kh; kv) = (1982; 0)[N/m]??????????????????????????
???????????????????(kh; kv) = (0; 42:5)[N/m]??????????
???? kv ??????????????????????????????????
????????????? Fig. 1.2???????????????????????
???? kh, kv ?????????????????????????????????
36 ? 3? ????????????












Node interval: L=10[mm] 
(kh, kv) = (80, 40) [N/m]
L=5[mm] 
(kh, kv) = (160, 20) [N/m]
L=2.5[mm] 
(kh, kv) = (320, 10) [N/m]
L=0.5[mm] 
(kh, kv) = (1600, 2) [N/m]










??????????????????????????????Fig. 3.15? (kh; kv) =
(2; 20)[N/m] ?????????????????? (??) ? (kh; kv) = (0; 20)[N/m] ?
????? (??) ???????????????????????????????








??????????????????Fig. 3.16???????? 1?? 16??? 2
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(kh, kv) = (2, 20) [N/m]
(kh, kv) = (0, 20) [N/m]
uc [mm]
Fig. 3.15 Nonlinearity of the proposed model under quasi-static condition
Table 3.1 Model conditions
# of layers Vertical distance of node [mm] kh [N/m] kv [N/m]
1 20 160 20
2 10 80 40
4 5 40 80
8 2.5 20 160
16 1.25 10 320
????????????????3???? f = 0:0018, 0:018, 0:18[N]???????
?????????????????? Table 3.1?????????????????
?????????????? kh ????????????? kv ???????????
????????????????????????????????????????
??????????? f = 0:0018, 0:018[N]??????????????? 0.5%??
? 5%?????????????? f = 0:18[N]?????????????? 20%?
?????????????????????? f = 0:0018, 0:018[N]????????
???????????????????? f = 0:18[N]??????????????
??????????Fig. 3.16(a)?? (e)?????????????????????
??????????????????????????????????Table 3.2 ?
? Table 3.4? 3??????????????? x = 0, 5, 10, 15[mm]???????
????????????Table 3.2??? f = 0:0018[N]??????????????
38 ? 3? ????????????
f = 0:0018 f = 0:018 f = 0:18



























(a) # of layers: 1



























(b) # of layers: 2



























(c) # of layers: 4



























(d) # of layers: 8



























(e) # of layers: 16
Fig. 3.16 Deformation for various number of layers
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Table 3.2 Simulation results under f = 0:0018[N]
u [mm]
# of layers x = 0 x = 5[mm] x = 10[mm] x = 15[mm]
1 8.9510 2 2.2810 4 0.0 0.0
2 8.9810 2 1.2210 4 0.0 0.0
4 8.9810 2 8.0010 5 0.0 0.0
8 8.9910 2 6.2010 5 0.0 0.0
16 8.9910 2 5.3910 5 0.0 0.0
Table 3.3 Simulation results under f = 0:018[N]
u [mm]
# of layers x = 0 x = 5[mm] x = 10[mm] x = 15[mm]
1 0.730 8.4610 2 1.9210 4 0.0
2 0.778 6.1110 2 3.9210 5 0.0
4 0.806 4.6810 2 1.2310 5 0.0
8 0.822 3.9210 2 6.1410 6 0.0
16 0.829 3.5410 2 4.1910 6 0.0
Table 3.4 Simulation results under f = 0:18[N]
u [mm]
# of layers x = 0 x = 5[mm] x = 10[mm] x = 15[mm]
1 3.97 1.87 0.589 4.9610 2
2 4.42 1.84 0.433 1.2710 2
4 4.80 1.77 0.324 4.0110 3
8 5.07 1.70 0.265 1.9110 3
16 5.24 1.64 0.235 1.2510 3
????????????????? 0.5%???????x = 5[mm]????????
?? 4.2???????????Table 3.3??? Table 3.4???f = 0:018, 0:18[N]??
?????????????????? f = 0:0018[N]???????????????
?? 12%?24%??????????????????? (x = 0)??????????
???????????????????????????? (x = 5; 10; 15[mm])???
40 ? 3? ????????????



















??????????Table 3.4???x = 5, 10, 15[mm]???????????????
????????????????????????????????????????
????????????????????????????????????????





????? N = 7, (ch; cv) = (2; 0:5)[Ns/m], (kh; kv) = (200; 20)[N/m]??????????
????? f = 0:18[N]?????????????????????????????












f /3 f /7
1 point













0.2 0.22 0.24 0.26 0.28 0.3
# of force applying point: 
 1 
 3 
 7 (full line) 
 Linear viscoelastic model 
 (dashed line)
Fig. 3.18 Dynamic characteristics with dierent number of force applying nodes
?????????????????????????Fig. 3.18 ?????????
?? 1, 3, 7 ??????????????????????????????????
????????????????????????????????????????
?????????????????? (7?)???????? Fig. 3.1???????
????????????????????????????????? z??????



























 t = 0.2 [mm] 
 E = 1.36e5 [Pa]







 t = 1.8 [mm] 
 E = 8.0e4 [Pa]
Subcutaneous tissue 
 t = 17.8 [mm] 

























(b) Result for r = 30[mm]
Fig. 3.19 Results of finite element analysis for human skin
????? 0.48??????????????????????????86)?????
???????????????????????????????? 1.69 105 [Pa], 8.0







































































(c)  = 0:4999
Fig. 3.20 Results of finite element analysis for various Poisson’s ratio




???? rs = 10.0[mm]?????????????????????Fig. 3.19(a)??
?????2020[mm]???????rs = 10.0[mm]?????? 0.01[mm]?????
44 ? 3? ????????????
Table 3.5 FE analysis conditions
Model (a) Model (b)
# of elements 800 1200
Type of element Quadrilateral element






???????????????????????????????Fig. 3.20(a), (b), (c)



























given : f (x; y; z; t)jz=0 and u(x; y; z; t)jz=0
find : kh; ch; kv; and cv
???????????????????????????? f (x; y; z; t)jz=0 ?????
??????????? u(x; y; z; t)jz=0 ??????????? ??????? ???
?? (kh; ch; kv; cv)? 4???????????????????
4.3 ???
??????????????????? (3.1)???????????? a????





(C(a)i j u˙i + K(a)i j ui) = fa (4.1)
46 ? 4? ?????????????
????C(a)i j 2 <33?K(a)i j 2 <33 ????? fa ????????? i, j ????
??????????????????????????????????????
ui , [uix; uiy; uiz]t 2 <31 ??? u˙i , [u˙ix; u˙iy; u˙iz]t 2 <31 ?? i?????? x, y, z??






(ci jT(a)i j u˙i + ki jT(a)i j ui) = fa (4.2)






f(i; j)j j2S i T ci j=cvgT
(a)




f(i; j)j j2S i T ci j=chgT
(a)





f(i; j)j j2S i T ci j=kvgT
(a)




f(i; j)j j2S i T ci j=khgT
(a)
i j u j = fa (4.3)
???????????????






f(i; j)j j2S i T ci j=cvgT
(a)




f(i; j)j j2S i T ci j=chgT
(a)
i j u˙ j





f(i; j)j j2S i T ki j=kvgT
(a)




f(i; j)j j2S i T ki j=khgT
(a)
i j u j
1CCCCCCCA 2 <32 (4.6)
??????????????? (4.4)????????????
P(u; u˙)c + Q(u)k = f (4.7)
????P(u; u˙) 2 <3N2???Q(u) 2 <3N2??????????? c , [cv; ch]t 2 <21















1CCCCCCCCCCCCCCCA 2 <3N2 (4.9)
4.3 ??? 47
????P(u; u˙), Q(u)???????????? u , [ut1;ut2; : : : ;utN]t 2 <3N1 ????
??? u˙ , [u˙t1; u˙t2; : : : ; u˙tN]t 2 <3N1 ???????????????????????
?????????????????????????? (3.1)???? u? f ????
????????????????? u(x; y; z; t)jz=0 ???? f (x; y; z; t)jz=0 ??????
????????????????? (4.7)???? u, u˙, f ?????????? (4.7)
????? ch, cv, kh, kv ? 4???????? (4.7)????? ch, cv, kh, kv ??????
?????????????t = ft1; t2; : : : ; tmg???????????????????
??????




































ˆ = A#F (4.12)
????A# ?A??????????? (4.12)?? 4??????? ˆ , [cˆv; cˆh; ˆkh; ˆkv]t
???????????????
48 ? 4? ?????????????








Fig. 4.1 An example of model
???????? (tm = 1)????????????u˙(1)?????????? (4.7)
? kh, kv ? 2?????????????????
Q(u(1))k = f (1) (4.13)
? (4.13)?????????
ˆk = Q(u(1))# f (1) (4.14)
? (4.14) ?? ˆk , [ˆkv; ˆkh]t ?????????????? ˆk ?? (4.10) ??????
(4.15)?????????
c = F   ˆk (4.15)
???????????????? (4.15)??? (4.16)????
cˆ = #(F   ˆk) (4.16)





??????? (3.10)??????????????????????????? 2, 4, 5
????????????????????????????????????????
? 0?????????? 1, 3??????????
C1112u˙1 + C1113u˙1 + C1213u˙3 + K1112u1 + K1113u1 + K1213u3 = f1 (4.17)
C2113u˙1 + C2213u˙3 + C1134u˙3 + C1135u˙3 + K2113 u˙1 + K2213 u˙3 + K1134 u˙3 + K1135 u˙3 = f3 (4.18)
4.4 ??????? 49
?????? 1–2????? 3–4???????? 1–3????? 3–5???????
??????????????????????????????


















kv = f1 (4.19)
T2113 u˙1 + T
22










T2113 u˙1 + T
22
















T2113 u˙1 + T
22






























? (4.12)???????? N ?????????? m??????????????
????????????????????????????????????????
???N = 1, m = 1????rank (A) = 3 < 4??????? (4.12)?????????
?????????????????????????????????N  2, m  1?
??? N  1, m  2 ????rank (A) = 4 ???? (4.12) ?????????????
??? x, y, z????????????????????????????????A?
????????????????????????????????????????
??N  2, m  1???? N  1, m  2????1. ???????? 2. ???????
?????????????
???????????????????????????????????????




50 ? 4? ?????????????
t
u (a) (b) (c)
Fig. 4.2 Deformation responce with respect to time



























(a) N = 1 (b) N = 4 (c) N = 8
Fig. 4.3 Simulation model
????????????????????????????????????????










?????????? N ???????? m??????????????????
????????????????????????????????????????
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Fig. 4.4 Force input
Table 4.1 Geometric conditions of model




Table 4.2 Model parameters per number of kh
No. kh [N/m] kv [N/m] ch [Ns/m] cv [Ns/m]
1 20 160 0.2 1.6
2 20 160 0.2 16
3 20 160 2 1.6




 (A) = kA 1k  kAk (4.23)
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(a-1) 0[ms] (b-1) 200[ms]


















(a-2) 10[ms] (b-2) 210[ms]


















(a-3) 20[ms] (b-3) 220[ms]


















(a-4) 30[ms] (b-4) 230[ms]
(a) Loading phase (b) Unloading phase
Fig. 4.5 Deformation of the proposed model
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(a) Model parameter No. 1



















(b) Model parameter No. 2



















(c) Model parameter No. 3



















(d) Model parameter No. 4
Fig. 4.6 Responses for rectangular force input
54 ? 4? ?????????????
?????????? z ??????????????? 2 ??????????
Table 4.1?????????????????????Fig. 4.3???????????
????????? N = 1; 3; 7???????????????? x = 20[mm]???
?????????????? N = 1; 3; 7???????? L = 20; 10; 5[mm]????
??Table 4.2? kh, kv, ch, cv ????????????? ?????????? kh ??
?????(kh; kv) = (20; 160)[N/m]?????????????????
Fig. 4.5 ??????????????N = 7, No. 1 ??????????????
?????Fig. 4.4 ?????????? 0.18[N]?????? 200[ms] ??????
???????????????????Fig. 4.5(a-1)(a-4) ??? (b-1)(b-4) ???
??????????????? 30[ms] ??????? 10[ms] ??????????
??Fig. 4.6 ??????????????????Fig. 4.6(a), (b), (c), (d) ?????
Table 4.2?????????????????????????????Fig. 4.6???
cv = 1:6[Ns/m]??? No. 1??? No. 3??????? cv = 16[Ns/m]??? No. 2?
?? No. 4????????????????????????? cv ????????
??????????
Fig. 4.7?Fig. 4.8?Fig. 4.9?????????????? kh, kv?????????
?? ch, cv ????? A????  (A)????????Fig. 4.7?Fig. 4.8?Fig. 4.9?
???????????? kh, kv?????? ch, cv ????????????????
??????? m??????????Fig. 4.7?Fig. 4.8?????????????
????????????????????????????????????????
Table 4.3 ???????????????????????????????????
?????????????Table 4.4????????? m???? N ???????
?A???????????
????????? kh, kv ???????Fig. 4.7? Table 4.3???N = 3; 7????
?????????? 100??????????????????? 1%???????
????????????????N = 1??????????? No. 3???????
????38.2%?????????????????????????????????
????????N = 3; 7?????????? kh; kv ?????????????
???????? ch, cv ????????????Fig. 4.8? Table 4.3???????
??? ch ???? cv ?????????????????? N = 3; 7????????
?????? 100????????? ch ?????????????????????
??? ch ?????? cv ????????????????????????????
?????????N = 1??????????? (4.7)???????






















????ch ?????? u˙??? u
2
L2+u2 ? 0 < u  L????0 < u
2
L2+u2  1??????






??????????Table 4.4?? (N;m) = (1; 1); (1; 2); (1; 3); (3; 1); (7; 1)??????
????????????????????????????????????????
????????????????????????????????????????
?????????N = 1?? No. 3????????????? 38.2%??????




???????????????? N ?????????? m??????????
??????????????????
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N = 1 N = 3 N = 7










































(a) Model parameter No. 1










































(b) Model parameter No. 2










































(c) Model parameter No. 3










































(d) Model parameter No. 4
Fig. 4.7 Estimated parameters for kh and kv with respect to the number of samplings
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N = 1 N = 3 N = 7




















































(a) Model parameter No. 1















































(b) Model parameter No. 2
















































(c) Model parameter No. 3



















































(d) Model parameter No. 4
Fig. 4.8 Estimated parameters for ch and cv with respect to the number of samplings
58 ? 4? ?????????????
N = 1 N = 3 N = 7














































(a) Model parameter No. 1














































(b) Model parameter No. 2














































(c) Model parameter No. 3














































(d) Model parameter No. 4
Fig. 4.9 Condition number  (A) with respect to the number of samplings
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Table 4.3 Error rate of estimated parameters
Error rate [%]




1 3.81 0.0468 4.73 4.94
2 0.0160 0.000331 6.91 0.499
3 38.2 0.469 8.35 4.84




1 0.0141 5.2210 6 8.93 4.92
2 0.0117 7.0710 5 14.3 0.499
3 0.0665 9.5710 5 0.270 4.92




1 0.0182 0.00436 19.8 4.92
2 0.00925 0.000172 13.5 0.499
3 0.0122 0.0457 6.14 5.06
4 0.0995 0.000465 1.45 0.499
Table 4.4 Rank of matrix A
m N = 1 N = 3 N = 7
1 1 2 2
2 2 4 4
3 3 4 4















given : f (x; y; z; t)j(x;y;z;t)=(0;0;0;1) and u(x; y; z; t)j(x;y;z;t)=(0;0;0;1)
find : kh and kv
????????????????????? f (x; y; z; t)j(x;y;z;t)=(0;0;0;1) ????????
u(x; y; z; t)j(x;y;z;t)=(0;0;0;1) ?????????????????????????????
? kh, kv ? 2???????????????????
5.3 ???
x, y, z?????????? N ?????????????????????????
??????????????????? ????????? k , [kv; kh]t 2 <21 ??
62 ? 5? ???????????????
??????????????????
G , K(u; k)u   f (5.1)
????G 2 <3N1 ??? K(u; k) 2 <3N3N ???????? x, y, z ??????
???????????? k ?????????????????????????
?? f , [ f t1; f t2; : : : ; f tN]t 2 <3N1, u , [ut1;ut2; : : : ;utN]t 2 <3N1 ?????????
??????????????????????? fi , [ fix; fiy; fiz]t 2 <31 ???
ui , [uix; uiy; uiz]t 2 <31 ?????? i????????? x, y, z??????????
??????????????? G???????????????????????
?????????????????????? G = 0???????K? u?????
???????????????? K ? u??????????????? kh ? kv ?
?–??????????????? (5.1)??? u???????????
?????????????????????? fc , [ f (1)c ; f (2)c ; : : : ; f (M)c ]t 2 <M1 ?




G(k; [u(1)s ; u(1)c ]; f (1)c )
G(k; [u(2)s ; u(2)c ]; f (2)c )
:::
G(k; [u(M)s ; u(M)c ]; f (M)c )
1CCCCCCCCCCCCCCCCCA 2 <
3MN1 (5.2)




subject to etzu  0 (5.4)
etzui  etzu j (ri  r j) (5.5)
kv; kh  0 (5.6)
???ez ??? ri ??????z?????????????????????????





? (5.2)???????????  = [kt;uts]t 2 <fM(3N 1)+2g1 ???????????










Fig. 5.1 An example of model
???????????Levenberg-Marquardt?????? ???????108)?
l+1 = l  

J t J + diag

J t J
 1 J tG (l) (5.7)
??? J , JG 2 <3MNfM(3N 1)+2g ???  ????? G ?  ??????????
Marquardt ???????????????????????????????108)??
????????????????? rank(JG)  2??????????????JG ?
???????????? M  2????????????????????????
??? 2??????????????????? (5.7)?????????l ????
???????????????????????????? ˆk = [ˆkh; ˆkv]t 2 <21 ???
uˆs = [uˆ(1)ts ; uˆ(2)ts ; : : : ; uˆ(M)ts ] 2 <M(3N 1)1 ?????????????????? (5.7) ?
??? (5.4)(5.6)???????????????????????????????
???????????????????????????





??????????? u(1)c ?????? f (1)c ?????????? kv ???????
??? u(2)c ?????? f (2)c ???????? kh ???? 2??????????
????????????????????????????















64 ? 5? ???????????????








??????? f (2)c ??????????????? u(2)c ??????????????
??????????????????????????

















































? (5.10)?? (5.11)???? (5.12)????? kh ???????
kvu(2)c + kvu(2)s +






















2   f (2)c = 0 (5.13)
kv, u(2)c , f (2)c , L?????????? (5.13)???????? u(2)s ??????????
???????????????????????????? (5.13)???? u(2)s ???
???????????????????????????? (5.13)?? 1??? 2??
? 3??? 4?????????????Fig. 5.1???????? kv ????????
??? kv ??????????????????? z????? fbz?????????
???????????????????? 1 ? kvu(2)c ?? 4 ? f (2)c ????????
??? 2 ? kvu(2)s ? u(2)s ????????????????? 3 ??????????
???? z????? fbz ????????????u(2)s = 0?? fbz = 0????? u(2)s






































g(0) = kvu(2)c + kv (0) +












L2 + (0)2   f
(2)
c
= kvu(2)c   f (2)c  0 (5.15)
??? f (2)c ???????? kh ???????????????? kh ? 2??????









































2   f (2)c






















































0  u(2)s  u
(2)
c
2 ??????????????????kh ?? (5.12) ?????????
??????????????? z?????????????????????????
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Table 5.1 Simulation conditions
N # of kh L[mm] kh[N/m] kv[N/m]
1 2 20 320 160
3 4 10 640 80
5 6 6.67(= 40=6) 960 53.3(= 320=6)





(a) Condition 1: kh = 0 (b) Condition 2: kv = 0
Fig. 5.3 Initial condition





?????????????? z ??????????????? 2 ???????
???Table 5.1 ????????????????????????????????
N = 1; 3; 5???????????????? x = 20[mm]????????????
????? N = 1; 3; 5???????? L = 20; 10; 6:67(= 40=6)[mm]????????
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Fig. 5.4 Deformation of the proposed model
68 ? 5? ???????????????











Fig. 5.5 Relationship between applied force and deformation
??? 1: 0 ??????? 1?????
0 = [1; 1; : : : ; 1]t
??? 2: Fig. 5.3(a)?????? kh = 0???????






??? 3: Fig. 5.3(b)?????? kv = 0???????
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Table 5.2 Combinations of the applied force for solving the inverse problem
No. Combinations of the applied force [N] Graph legends
1 [0.001, 0.002] ?
2 [0.010, 0.011] ?
3 [0.010, 0.020] ?
4 [0.100, 0.101] ?
5 [0.100, 0.110] ?
6 [0.100, 0.200] ?
7 [1.000, 1.001] ?
8 [1.000, 1.010] ?
9 [1.000, 1.100] ?
10 [1.000, 2.000] ?
11 [0.500, 1.000, 1.500, 2.000] ?
12 [0.250, 0.500, 0.750, 1.000, 1.250, 1.500, 1.750, 2.000] ?
Table 5.3 Convergence results under N = 1
Condition 1 2 3
Success 12 12 11
Dierent value 0 0 0
Not converge 0 0 1
??????????No. 1? No. 2??????? Fig. 5.4(a)???????????
???????No. 10 ??????? Fig. 5.4(c), (d) ???????????????
?????3 ???????????????????????????No. 11 ???





?????????? 3, ????????? No. 1????????????????
????????????????????????????????????????
????????????????????Fig. 5.6????????????????
70 ? 5? ???????????????


























Relationship between number of iterations to convergence and initial condition
under N = 1




???????Fig. 5.6?????????N = 1?????????????????
????????????????????????????????????????
?????????????????????????????????
Fig. 5.7(a), (b), (c)???? 1, 2, 3????? kh, kv ???????????????
??????????? 1:0  10 5 ????????????Fig. 5.7(a)???????
????? 1????kh ? 1???????????????????????????
?????????????????????????????Fig. 5.7(b), (c)????
?????? 2, 3????????????????????????????????
???????????????????????? 1???? 2, 3?????????
??????????????????????
N = 3???
Table 5.4 ??100 ????????????????N = 1 ???????????
????? 1 ?????????????????????????????????
??N = 1 ????????????????????????N = 3 ????? 2 ?
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0 ??? 71
















(a) Condition 1, Conbination No. 9
















(b) Condition 2, Conbination No. 9
















(c) Condition 1, Conbination No. 10
Fig. 5.7 Parameter convergence with respect to iteration under N = 1
72 ? 5? ???????????????



































(a-1) Condition 1, Conbination No. 1 (a-2) Condition 1, Conbination No. 12

































(b-1) Condition 2, Conbination No. 2 (b-2) Condition 2, Conbination No. 8

































(c-1) Condition 3, Conbination No. 10 (c-2) Condition 3, Conbination No. 7
Fig. 5.8 Parameter convergence with respect to iteration under N = 3
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Table 5.4 Convergence results under N = 3
Condition 1 2 3
Success 0 9 10
Dierent value 4 0 0
Not converge 8 3 2

























Relationship between number of iterations to convergence and initial condition
under N = 3
?????????????????????????????????? 2, 3 ???
????? N = 1 ???????????????????????????????
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????Fig. 5.8(b-1)??? (c-1)???? 2, 3??????????????????
? (b-2) ??? (c-2)??????????????????????????????
1 ??????????Fig. 5.8(a-1) ?? kh, kv ????? 0 ????????????
????????????(kh; kv) = ( 1:13  10 3; 2:25  10 3)[N/m] ????????
??????????????????????????????????????Fig.
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????????????????????????????????????????
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Table 5.5 Convergence results under N = 5
Condition 1 2 3
Success 0 9 8
Dierent value 9 0 0
Not converge 3 3 4
?????? 1 ??????????????????????????????? 2,
3???????????????????????Fig. 5.8(a-2)??? (b-2)?????













???????????? 2, 3???????? N = 3??????????????
????????????????????????????????????????
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???????????????????????????????N = 3??????
????????????????????????????????????????
?????????????????Fig. 5.11????????? 2, 3???????
????????????????????? 2??????????????????
??????????N = 3??????????? 2, 3??????????? N = 5
?????????????????????
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(a-1) Condition 1, Conbination No. 1 (a-2) Condition 1, Conbination No. 12


































(b-1) Condition 2, Conbination No. 2 (b-2) Condition 2, Conbination No. 8
































(c-1) Condition 3, Conbination No. 10 (c-2) Condition 3, Conbination No. 7
Fig. 5.10 Parameter convergence with respect to iteration under N = 5
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Relationship between number of iterations to convergence and initial condition
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??????????????Fig. 5.12(b), (c)????? N = 3; 5?????????
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(a) N = 1
























(b) N = 3



























(c) N = 5
Fig. 5.12
Relationship between number of iterations to convergence and initial potential en-
ergy





































??????????????????????????????????? N = 3  3?
??????????? L = 10[mm]????? 0.18[N]??????????????







































































































































































































































































































































































































































(a-6) 5 [ms] (a-12) 205 [ms] (b-6) 5 [ms] (b-12) 205 [ms]
(a) Subject A: (b) Subject B:
Fig. 6.1 Dynamic responses of the deformation of human skin
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Table 6.1 Estimated parameters





Table 6.2 Displacement at the point of force application
Subject A Subject B
uc[mm] 1.89 3.35
Table 6.3 Time constant















????h ??? v ??????????????????? ??????????
???Table 6.3? 2??????????????????????????? A??
?? B ????????? h ???? A ?????? B ?? 1.75[ms] ????v ?
??? A?????? B??? 0.079[ms]?????????????????? Fig.
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Fig. 6.2 Time history of applied force and deformation





















































































(a-4) f = 0.52 [N]
Fig. 6.4 Deformation comparison between the measured data and the model
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Fig. 6.5 Parameter convergence with respect to iteration
?????????????8???????????? 1?????????????
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?????????Fig. 6.4??? 0.32, 0.38, 0.44, 0.52[N]?????????????










6.5? ??? k????????????Fig. 6.6(a)?????? kh = 0??????
6.3 ??????????????????? 85





(a) Condition 1: kh = 0 (b) Condition 2: kv = 0
Fig. 6.6 Initial condition

























































































(c) Point and 5  5 (d) Surface and 5  5
Fig. 6.7
Deformation comparison between point and surface deformation method with dif-
ferent number of nodes of the model
Table 6.4 Estimated parameters (kh, kv)[N/m]
Point-type Surface-type
3  3 ( 368, 144 ) ( 393, 140 )
5  5 (178, 142) (448, 86.5)
6.4 ???
?????????????? 2?????? 4??? 5?????????????
????????????????????????????????????????
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Fig. 7.1 Deformation model
Forceps
Endoscope Point-type stiffness sensor
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